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TWICE-RAMANUJAN SPARSIFIERS*

JOSHUA BATSONT, DANIEL A. SPIELMAN}, AND NIKHIL SRIVASTAVAS$

Abstract. We prove that every graph has a spectral sparsifier with a number of edges linear
in its number of vertices. As linear-sized spectral sparsifiers of complete graphs are expanders, our
sparsifiers of arbitrary graphs can be viewed as generalizations of expander graphs. In particular, we
prove that for every d > 1 and every undirected, weighted graph G = (V, E,w) on n vertices, there
exists a weighted graph H = (V, F,®) with at most [d(n — 1)] edges such that for every z € RV,
2T Lgx < zTLgx < (%) - 2T Lgx, where Lg and Ly are the Laplacian matrices of G and
H, respectively. Thus, H approximates G spectrally at least as well as a Ramanujan expander with

dn/2 edges approximates the complete graph. We give an elementary deterministic polynomial time
algorithm for constructing H.
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1. Introduction. A sparsifier of a graph G = (V, E, w) is a sparse graph H that
is similar to G in some useful way. Many notions of similarity have been considered.
For example, Chew’s [6] spanners have the property that the distance between every
pair of vertices in H is approximately the same as in G. Benczur and Karger’s [3] cut
sparsifiers have the property that the weight of the boundary of every set of vertices
is approximately the same in G as in H. We consider the spectral notion of similarity
introduced by Spielman and Teng [17, 19]: we say that H is a x-approximation of G
if for all z € RV,

(1) 2T Lor < 2TLpx < k- 27 Lax,
where Lg and Ly are the Laplacian matrices of G and H. We recall that

T 2
' Loz = E Wy (T, — Xy)?,
(u,v)EE

where w,,, is the weight of edge (u,v) in G. By considering vectors z that are the
characteristic vectors of sets, one can see that condition (1) is strictly stronger than
the cut condition of Benczur and Karger.

In the case where G is the complete graph, excellent spectral sparsifiers are sup-
plied by Ramanujan graphs [12, 13]. These are d-regular graphs H all of whose

*Received by the editors October 2, 2009; accepted for publication January 27, 2012; published
electronically December 18, 2012. This material is based upon work supported by the National
Science Foundation under grant CCF-0634957. Any opinions, findings, and conclusions or recom-
mendations expressed in this material are those of the author(s) and do not necessarily reflect the
views of the National Science Foundation.

http://www.siam.org/journals/sicomp/41-6 /77287 .html

tDepartment of Mathematics, MIT, Cambridge, MA 02139 (joshuab@mac.com). Work on this
paper was performed while this author was at Yale College.

fProgram in Applied Mathematics and Department of Computer Science, Yale University, New
Haven, CT 06520 (spielman@cs.yale.edu).

$Department of Computer Science, Yale University, New Haven, CT 06520 (nikhils@math.ias.
edu).

1704



TWICE-RAMANUJAN SPARSIFIERS 1705

nonzero Laplacian eigenvalues lie between d — 2v/d — 1 and d + 2v/d — 1. Thus, if
we take a Ramanujan graph on n vertices and multiply the weight of every edge by
n/(d — 2v/d — 1), we obtain a graph that k-approximates the complete graph for

L d+2vd—1
Cd—2vd—1

In this paper, we prove that every graph can be approximated at least this well®
by a graph with only twice as many edges as the Ramanujan graph (as a d-regular
graph has dn/2 edges).

THEOREM 1.1. For every d > 1, every undirected weighted graph G = (V, E, w)
on n vertices contains a weighted subgraph H = (V, F,w) with [d(n — 1)] edges (i.e.,
average degree at most 2d) that satisfies

d+1+2Vd

T T
v Lgx <z Lgr<| ———
or=eba —<d+1_z¢a

) 2T Loz vz e RY.

Our proof provides a deterministic greedy algorithm for computing the graph H
in time O(dn3m).

We remark that while the edges of H are a subset of the edges of G, the weights
of edges in H and G will typically be different. In fact, there exist unweighted graphs
G for which every good spectral sparsifier H must contain edges of widely varying
weights [19)].

1.1. Expanders: Sparsifiers of the complete graph. In the case when G
is a complete graph, our construction produces expanders. However, these expanders
are slightly unusual in that their edges have weights, they may be irregular, and the
weighted degrees of vertices can vary slightly. This may lead one to ask whether they
should really be considered expanders. In section 4 we argue that they should be.

As the graphs we produce are irregular and weighted, it is also not immediately
clear that we should be comparing x with the Ramanujan bound of

d+2vd—1 4
Wm_1+\/_3+0(1/d)'

It is known? that no d-regular graph of uniform weight can x-approximate a complete
graph for k asymptotically better than (2) [14]. While we believe that no graph of
average degree d can be a k-approximation of a complete graph for x asymptotically
better than (2), we are unable to show this at the moment and prove instead the
weaker claim that no such graph can achieve k less than

2 Vd

IStrictly speaking, our approximation constant is only better than the Ramanujan bound & =
d+2v/d—1
d—2+/d—1
integer greater than 2.

2While lower bounds on the spectral gap of d-regular graphs focus on showing that the second
smallest eigenvalue is asymptotically at most d — 24/d — 1, the same proofs by test functions can be
used to show that the largest eigenvalue is asymptotically at least d 4+ 2+/d — 1.

(2)

in the regime d > Lg/g This includes the actual Ramanujan graphs, for which d is an
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1.2. Prior work. Spielman and Teng [17, 19] introduced the notion of spar-
sification that we consider, and proved that (1 + €)-approximations with O (n/e?)
edges could be constructed in 9] (m) time. They used these sparsifiers to obtain a
nearly linear time algorithm for solving diagonally dominant systems of linear equa-
tions [17, 18].

Spielman and Teng were inspired by the notion of sparsification introduced by
Bencztir and Karger [3] for cut problems, which only required inequality (1) to hold
for all z € {0, 1}V. Benczar and Karger showed how to construct graphs H meeting
this guarantee with O (n logn/ 62) edges in O (m log® n) time; their cut sparsifiers
have been used to obtain faster algorithms for cut problems [3, 11].

Spielman and Srivastava [16] proved the existence of spectral sparsifiers with
O (nlogn/e?) edges and showed how to construct them in O (m) time. They conjec-
tured that it should be possible to find such sparsifiers with only O (n/€?) edges. We
affirmatively resolve this conjecture.

Recently, partial progress was made toward this conjecture by Goyal, Rademacher,
and Vempala [9], who showed how to find graphs H with only 2n edges that O (logn)-
approximate bounded degree graphs G under the cut notion of Benczir and Karger.

We remark that all of these constructions were randomized. Ours is the first
deterministic algorithm to achieve the guarantees of any of these papers.

2. Preliminaries.

2.1. The incidence matrix and the Laplacian. Let G = (V,E,w) be a
connected weighted undirected graph with n vertices and m edges and edge weights
we > 0. If we orient the edges of G arbitrarily, we can write its Laplacian as L =
BTW B, where B,,x, is the signed edge-vertex incidence matriz given by

1 if v is e’s head,
B(e,v) =¢ —1 ifvise’s tail,
0 otherwise,

and W, xm is the diagonal matrix with W(e,e) = w,. It is immediate that L is
positive semidefinite since

2" Le = 2" BTW Bz = |W/2Bx||2

= Z Wy (T, — xv)2 >0 for every x € R"
(u,v)EE

and that G is connected if and only if ker(L) = ker(W'/2B) = span(1).

2.2. The pseudoinverse. Since L is symmetric we can diagonalize it and write

n—1
i=1

where A1,...,A\,—1 are the nonzero eigenvalues of L and uq,...,u,—1 are a corre-
sponding set of orthonormal eigenvectors. The Moore—Penrose pseudoinverse of L is
then defined as

n—1 1
LT = Z )\—ulu;f
i=1 "t
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Notice that ker(L) = ker(L*) and that

n—1
LLY =LYL=> uul,
=1

which is simply the projection onto the span of the nonzero eigenvectors of L (which
are also the eigenvectors of L*). Thus, LLT = LTL is the identity on im(L) =
ker(L)*.

2.3. Formulas for rank-one updates. We use the following well-known theo-
rem from linear algebra, which describes the behavior of the inverse of a matrix under
rank-one updates (see [8, section 2.1.3]).

LEMMA 2.1 (Sherman—Morrison formula). If A is a nonsingular n X n matriz
and v is a vector, then

A lywT AL

A Tyl
(A+vvT) 1+vTA-lv

There is a related formula describing the change in the determinant of a matrix
under the same update.

LEMMA 2.2 (matrix determinant lemma). If A is nonsingular and v is a vector,
then

det(A +vvl) = det(A)(1 + vI A~ 1v).

3. The main result. At the heart of this work is the following purely linear
algebraic theorem. We use the notation A < B to mean that B — A is positive
semidefinite and idg to denote the identity operator on a vector space S.

THEOREM 3.1. Suppose that d > 1 and v1,va,...,Vy, are vectors in R™ with
Z viv;-f = idg~.
i<m

Then there exist scalars s; > 0 with |{i : s; # 0} < dn so that

d+1+2vd
idpe < 3 sviv? < [ STV ) g,
D <d+1—2\/3> .

i<m

The sparsification result for graphs follows quickly from this theorem as shown
below.

Proof of Theorem 1.1. Assume without loss of generality that G is connected.
Write Lg = BTW B as in section 2.1 and fix d > 1. Restrict attention to im(Lg) =2
R™"~! and apply Theorem 3.1 to the columns {v;}i<., of

Vixm = (L&) EBTWE,
which are indexed by the edges of G and satisfy

S vivl =vvT = (LE)*BTWB(LE)®

i<m

= (LE)PLa(L)? = idimre).
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Write the scalars s; > 0 guaranteed by the theorem in the m x m diagonal matrix
S(i,i) = s; and set Ly = BTW2SW2B. Then Ly is the Laplacian of the subgraph
H of G with edge weights {@w; = w;s;}icr, and H has at most d(n — 1) edges since
at most that many of the s; are nonzero. Also,

_d+1+2Vd

idim(Lc) j Z SfL'VfL'VZ-T = VSVT j K - idim(Lg) for k = m

i<m

By the Courant—Fischer theorem, this is equivalent to

T T
VsV . 1 .
1<t ek weim((Lo)t) = im(Lo)
T(LE)2Ly(LE)?
—1<? ( G>2TH( G)2y§/€ Vy € im((L¢)?)
y'y
Trz(r+)% +yir2
1<t LG(LG)szELG)2LGx§n Vo L1
2TLEL2x
2T Lyx
—1 Vo L1,
T Lax v
as desired. O

It is worth mentioning that the above reduction is essentially the same as the
one in [16]. In that paper, the authors consider the symmetric projection matrix
II = BLJCEBT whose columns {II, }.cg correspond to the edges of G. They show, by
a concentration lemma of Rudelson [15], that randomly sampling O(nlogn) of the
columns with probabilities proportional to ||IL.||? = w.Res(e) (Where Reg is the effec-
tive resistance) gives a matrix II that approximates IT in the spectral norm and cor-
responds to a graph sparsifier, with high probability. In this paper, we do essentially
the same thing with two modifications: we eliminate II in order to simplify notation,
since we are no longer following the intuition of sampling by effective resistances and,
instead of Rudelson’s sampling lemma, we use Theorem 3.1 to deterministically select
O(n) edges (equivalently, columns of II).

The rest of this section is devoted to proving Theorem 3.1. The proof is construc-
tive and yields a deterministic polynomial time algorithm for finding the scalars s;,
which can then be used to sparsify graphs, as advertised.

Given vectors {v;}, our goal is to choose a small set of coefficients s; so that
A =3, sv;vl is well-conditioned. We will build the matrix A in steps, starting with
A = 0 and adding one vector s;v;v} at a time. Before beginning the proof, it will
be instructive to study how the eigenvalues and characteristic polynomial of a matrix
evolve upon the addition of a vector. This discussion should provide some intuition for

the structure of the proof and demystify the origin of the “twice-Ramanujan” number
d+142vd

v’ which appears in our final result.

3.1. Intuition for the proof. It is well known that the eigenvalues of A +vv7T
interlace those of A. In fact, the new eigenvalues can be determined exactly by looking
at the characteristic polynomial of A + vv’ which is computed using Lemma 2.2 as
follows:

T § <V,Uj>2
pA_;’_va(ZI;) :det(xl—A—VV ) :pA(ﬂj) 1-— ﬁ s
j T
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where ); are the eigenvalues of A and u; are the corresponding eigenvectors. The
polynomial p4,y7(x) has two kinds of zeros A:

1. Those for which ps(A) = 0. These are equal to the eigenvalues A; of A for

which the added vector v is orthogonal to the corresponding eigenvector u;,

and which therefore do not “move” upon adding vv?’.

2. Those for which pa(A) # 0 and

_ _ <V7uj>2 _
fy =11 Zﬁ_& =0.

These are the eigenvalues which have moved and strictly interlace the old
eigenvalues. The above equation immediately suggests a simple physical
model (see Figure 1) which gives intuition as to where these new eigenvalues
are located.

(v,u,)?=1/4

Fic. 1. Physical model of interlacing eigenvalues.

Physical model. We interpret the eigenvalues A as charged particles lying
on a slope. On the slope are n fixed, chargeless barriers located at the initial
eigenvalues \;, and each particle is resting against one of the barriers under
the influence of gravity. Adding the vector vv? corresponds to placing a
charge of (v,u;)? on the barrier corresponding to A;. The charges on the
barriers repel those on the eigenvalues with a force that is proportional to
the charge on the barrier and inversely proportional to the distance from the
barrier—i.e., the force from barrier j is given by

a quantity which is positive for A; “below” A, which are pushing the particle
“upward,” and negative otherwise. The eigenvalues move up the slope un-
til they reach an equilibrium in which the repulsive forces from the barriers
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cancel the effect of gravity, which we take to be a +1 in the downward direc-
tion. Thus the equilibrium condition corresponds exactly to having the total
“downward pull” f(X) equal to zero.

With this physical model in mind, we begin to consider what happens to the
eigenvalues of A when we add a random vector from our set {v;}. The first observation
is that for any eigenvector u; (in fact, for any vector at all), the expected projection
of a randomly chosen v € {v;}i<p, is

1 1 flu;]|2 1
Ev<V7uj>2 o Z<Viauj>2 = EU;‘F <Z VW?) Uuj = # T

3

Of course, this does not mean that there is any single vector v; in our set that realizes
this “expected behavior” of equal projections on the eigenvectors. But if we were
to add such a vector? in our physical model, we would add equal charges of 1/m to
each of the barriers, and we would expect all of the eigenvalues of A to drift forward
“steadily.” In fact, one might expect that after sufficiently many iterations of this
process, the eigenvalues would all march forward together, with no eigenvalue too
far ahead or too far behind, and we would end up in a position where Aoz /Amin 1S
bounded.

In fact, this intuition turns out to be correct. Adding a vector with equal projec-
tions changes the characteristic polynomial in the following manner:

Pasvn, @) =240 1= 5 25 | = pae) = (1 /misis(o),

J

since py(z) = >, [];z;(@ — Ai). If we start with A = 0, which has characteristic
polynomial pg(x) = 2™, then after k iterations of this process we obtain the polynomial

pr(z) = (I — (1/m)D)*a",

where D is the derivative with respect to z. Fortunately, iterating the operator
(I — aD) for any o > 0 generates a standard family of orthogonal polynomials—the
associated Laguerre polynomials [7]. These polynomials are very well studied and the
locations of their zeros are known; in particular, after k = dn iterations the ratio of
the largest to the smallest zero is known [7] to be

d+1+2Vd
d+1—2vd’

which is exactly what we want.

To prove the theorem, we will show that we can choose a sequence of actual
vectors that realizes the expected behavior (i.e., the behavior of repeatedly adding
Vavg) as long as we are allowed to add arbitrary fractional amounts of the ViVZT via
the weights s; > 0. We will control the eigenvalues of our matrix by maintaining two
barriers as in the physical model and keeping the eigenvalues between them. The
lower barrier will “repel” the eigenvalues forward; the upper one will make sure they
do not go too far. The barriers will move forward at a steady pace. By maintaining
that the total “repulsion” at every step of this process is bounded, we will be able
to guarantee that there is always some multiple of a vector to add that allows us to
continue the process.

3For concreteness, we remark that this “average” vector would be precisely Vag = \/% Z]- Uj.
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3.2. Proof by barrier functions. We begin by defining two “barrier” potential
functions which measure the quality of the eigenvalues of a matrix. These potential
functions are inspired by the inverse law of repulsion in the physical model discussed
in the last section.

DEFINITION 3.2. For u,l € R and A, a symmetric matriz with eigenvalues
AL, A2, ..oy A, define

dU(A) def Tr(ul — A)~! = Z ﬁ (upper potential),

3

1
Ai —1

(lower potential).

ey (A) E (A1) =Y

As long as A < ul and A > II (e, Amax(4) < w and Amin(A) > [), these
potential functions measure how far the eigenvalues of A are from the barriers u and
l. In particular, they blow up as any eigenvalue approaches a barrier, since then ul — A
(or A —II) approaches a singular matrix. Their strength lies in the fact that they
reflect the locations of all the eigenvalues simultaneously: for instance, ®*(4) < 1
implies that no A; is within distance one of u, no two \;’s are at distance 2, no k are
at distance k, and so on. In terms of the physical model, the upper potential ®%“(A)
is equal to the total repulsion of the eigenvalues of A from the upper barrier u, while
®;(A) is the analogous quantity for the lower barrier.

To prove the theorem, we will build the sum ), s;v; vl iteratively, adding one
vector at a time. Specifically, we will construct a sequence of matrices

0= A(O),A(l),.” A@)

3

along with positive constants* wg, lo, 0y, 0, €y, and €r,, which satisfy the following
conditions:
(a) Initially, the barriers are at u = ug and | = lp and the potentials are

2w (AD) = ¢y and @y, (AD) = ¢

(b) Each matrix is obtained by a rank-one update of the previous one—specifically
by adding a positive multiple of an outer product of some v;:

ATY = AD 4 tyvT for some v € {v;} and t > 0.

(¢) If we increment the barriers u and [ by §y and dr,, respectively, at each step,
then the upper and lower potentials do not increase. For every ¢ =0,1,...,Q,

PuHoU (A@HD) < o4(A@D) < ¢ for u = ug + ¢y,
D15, (ATD)) < @) (AD) < e forl =1+ qip.

(d) No eigenvalue ever jumps across a barrier. For every ¢ =0,1,...,Q,
/\max(A(q)) < ug + q&U and  Amin (A(q)) > g+ qéL.

40n first reading the paper, we suggest the reader follow the proof with the assignment ey =
e, = 1, ug = n, lop = —n, 6y = 2, 6, = 1/3. This will provide the bound (6d + 1)/(d — 1) and
L ) ) y OU » OL p
eliminates the need to use Claim 3.6.
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To complete the proof we will choose ug, lg, dy7, 01, €y, and €7, so that after Q = dn
steps, the condition number of A(@) is bounded by

Amax(A@)  wg+dndy  d+1+2Vd

< = .
Amin(A@) = lo+dndy,  d+1—2Vd

By construction, A(@) is a weighted sum of at most dn of the vectors, as desired.

The main technical challenge is to show that conditions (b) and (c¢) can be satisfied
simultaneously—i.e., that there is always a choice of vv” to add to the current matrix
which allows us to shift both barriers up by a constant without increasing either
potential. We achieve this in the following three lemmas.

The first lemma concerns shifting the upper barrier. If we shift v forward to
u + 0y without changing the matrix A, then the upper potential ®“(A) decreases
since the eigenvalues \; do not move and u moves away from them. This gives us
room to add some multiple of a vector tvv”, which will move the )\; toward ! and
increase the potential, counteracting the initial decrease due to shifting. The following
lemma quantifies exactly how much of a given vv” we can add without increasing the
potential beyond its original value before shifting.

LEMMA 3.3 (upper barrier shift). Suppose that Amax(A) < u, and v is any vector.

If

v ((u+0y)l — A)~2v
Pu(A) — dutiv (A

v ((u+ 60) — A v L UA(v),

1
- >
;=

then
UV (A 4+ tvvT) < ®(A)  and Amax(A+tvvT) < u+ dy.

That is, if we add t times vvT to A and shift the upper barrier by 6y, then we do not
increase the upper potential.
We remark that Ua(v) is linear in the outer product vv’.
Proof. Let v/ = u+ éy. By the Sherman-Morrison formula, we can write the
updated potential as

QU (A 4 tvvT) = Tr(u'T — A —tvwT) ™!
/ -1 T,/ —1
= (-t e A
tTe(vI (' T — A)~ L' — A)~1v)
1—tvT(u'I—A)~lv
since Tr is linear and Tr(XY) = Tr(Y X)
tvI'(u'l — A)"2v
1—tvT (w1 —A)"1v

=Tr(u'I— A~ +

= QUHoU(A) +

vI(u'l — A)2v
1/t —=vT(u'I — A)~1v’

= (A) — (7(4) — 9 (4)) +

As Ua(v) > vI(W'I — A)~ v, the last term is finite for 1/t > Ua(v). By now,
substituting any 1/t > Ua(v), we find that &0 (A + tvv?) < ®“(A). This also
tells us that Apmax(A +tvvT) < u + 8y, because if this were not the case, then there
would be some positive ¢ < t for which Apax(A +t'vvT) = u + dy. But, at such a t/,
@uHou (A4 t'vvT) would blow up, and we have thus established that it is finite. O
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The second lemma is about shifting the lower barrier. Here, shifting ! forward to
I + 61 while keeping A fixed has the opposite effect—it increases the lower potential
®;(A) since the barrier [ moves toward the eigenvalues ;. Adding a multiple of
a vector tvvT will move the \; forward and away from the barrier, decreasing the
potential. Here, we quantify exactly how much of a given vv! we need to add to
compensate for the initial increase from shifting [, and return the potential to its
original value before the shift.

LEMMA 3.4 (lower barrier shift). Suppose that Amin(A) > 1, ®;(A) < 1/61,, and
v is any vector. If

vI(A—(+0)I) %
P

T Srgdef oo
1+51, (A) — @(A) —v (A= (I+0)])" v = La(v),

1
0<-<
t
then

D5, (A+tvv?) <O (A)  and Amin(A +tvv?) > 14 6p.

That is, if we add t times vv to A and shift the lower barrier by &1, then we do not
increase the lower potential.

Proof. First, observe that Apnin(A) > 1 and ®;(A) < 1/6;, imply that Apin(A) >
[ +6r. So, for every t > 0, Apin(A +tvvl) > 1+ 07.

Now proceed as in the proof for the upper potential. Let I’ = [+¢;,. By Sherman—
Morrison, we have

Ory5, (A +tvw?) = Tr(A+tvww? —1'T)7!
4 tA=UD) WA - l’I)l)
1+ tvT(A-1")"1v
ot (VA=Y (A -TUT)"v)
1+ tvT(A=U1D)"1v
tvI(A-1U'T)"2v
1+ VT (A=) v

=Tr <(A —'I)

=Te(A-1'T)

= q)l+5L (A)

B vIi(A-1'T)"%v
1/t+vT(A—=UT)"1v’

= ®(A) + (Pry6, (A) — Di(A))

Rearranging shows that ®;4s, (A +tvvT) < ®;(A) when 1/t < La(v). O

The third lemma identifies the conditions under which we can find a single tvv’
which allows us to maintain both potentials while shifting barriers and thereby con-
tinue the process. The proof that such a vector exists is by an averaging argument,
so this can be seen as the step in which we relate the behavior of actual vectors to
the behavior of the expected vector v,.,s. Notice that the use of variable weights ¢,
from which the eventual s; arise, is crucial to this part of the proof.

LEMMA 3.5 (both barriers). If Amax(A4) < u, Amin(A4) > 1, ®*(A) < ey, P;(A) <
€r, and €y, €1, 0y, and 1, satisfy

1 1
3 0< — < — —
() _5U+6U_5L €L,

then there exist an i and positive t for which

La(vi) > 1/t >Ua(vy), )\max(A—l—tviV;‘F) <u+ oy,
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and  Apin(A4 + tv;v; ) >140p.
Proof. We will show that

Z La(vi) > Z Ua(vi),

from which the claim will follow by Lemmas 3.3 and 3.4. We begin by bounding

vI((u — _Qvi 1
Z Ua(vy) = 2 q;u(((fl)—’__égiiéu (AA)) + Zv?((u +oy)l—A)"v

(@)= A e (Bv) |
B T T e G <ZVZ )

 Te((u+ 6p)T — A)~2
T e A = e (A)

since ZWV =T and X o ] = Tr(X)

+ Tr((u + 6p)T — A)~

_ Si(utdy —N)~?
S = M) T =Y (u = )
_ doilu+du = N)~?

S0 S — )+ 00— h)T
< 1/6y + ®vHov (A)

aqu— Yu4 6y — N 1ZZ(U+5U—/\i)_2

< 1/(5U+@u( ) < 1/(5U+€U.

4 (I)u+5U (A)

4 q)’u.-‘r(sU (A)

On the other hand, we have

S ) = g e S -

_(A- (l+<5L)1')2°l((Z)VZ )—(A (I+6p)1 <ZV1 )

q)l+5L (A) 4

_ Tr(A—(1+ 5L)I) 2
D115, (A) — Pi(4)
since Zvivi =T and X o] = Tr(X)

—Tr(A—(+6))7H

= S —1=46.)72 B
= Zi()‘i —1—6r)" 1 - ii()\i )1 - zz:(/\Z —1-41)

> 1/5L — Z(/\l — 1)71 = 1/5L — €5
by Claim 3.6.
Putting these together, we find that

ZUsz < —|—6U<6i—eL<ZLAV1
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as desired. O
CLAIM 3.6. If Ay > 1 for all i, 0 <> (N — Nt <ep, and 1/5; — e, >0, then

i — l—éL)
SN —l—=0p)7 =3, (N 1) Z/\—l—éL
1 1

> — — .
) ~ 0L - A — 1

Proof. We have
or, Sl/GLS/\i—l

for every ¢. So, the denominator of the left-most term on the left-hand side is positive,
and the claimed inequality is equivalent to

> (i —1—65)7?
() (@ r )
Yot (&; W—l‘;ﬁw‘”y’

which, by moving the first term on the right-hand side to the left-hand side, is just

1 1 i
L T D <‘5LZ(AZ-—1—5L><AZ-—Z>> |
By Cauchy—Schwarz,
) . 2< 5 ! 5 .
L;(Ai—l—&)(/\i—l) = Lzﬁ L;(Ai—l—z&)?()\i—l)
1
< (0rer) <5in: v —1—0.20n —l))

since Z()‘l —7t<eg

1
! <5L; N — 1= 002 (N — l))

1
since — — €, > 0,
or

<.

and so (4) is established. O

Proof of Theorem 3.1. All we need to do now is set ey, €1, 0y, and dy, in a manner
that satisfies Lemma 3.5 and gives a good bound on the condition number. Then, we
can take A(®) =0 and construct A1) from A@ by choosing any vector v; with

L p)(vi) > Ugar (Vi)
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(such a vector is guaranteed to exist by Lemma 3.5) and setting A+ = A@ 4 ¢v,vT
for any t > 0 satisfying

~+ | =

Ly (Vi) > = > Uy (vi)-

It is sufficient to take

5L:17 €L =

Vd+1

oy = , ey = , ug = n/ey.
U Ji-1 Ud+\/g 0 [€u

We can check that

1 Vd—1 Vd—1 11
_+6U: —+ :1——:——6L
o Vd+1  Vd(d+1) d oL
so that (3) is satisfied.
The initial potentials are ® v (0) = ey and S (0) = er. After dn steps, we have

/\max(A(d”)) < n/ey + dndy
/\min(A(dn)) - —n/eL +dndy,

d+vd Vd+1
Vo 4—51\/3_1

T d—-+d
d+2Vd+1
d—2vVd+1

as desired. O

To turn this proof into an algorithm, one must first compute the vectors v;, which
can be done in time O (n2m). For each iteration of the algorithm, we must compute
((u+6y)I — A7, ((u+dy)I — A)~2, and the same matrices for the lower potential
function. This computation can be performed in time O (n®). Finally, we can decide
which edge to add in each iteration by computing Ua(v;) and L4(v;) for each edge,
which can be done in time O (nzm) As we run for dn iterations, the total time of
the algorithm is O (dn3m).

4. Sparsifiers of the complete graph. Let G = (V, E) be the complete graph
on n vertices, and let H = (V, F,w) be a weighted graph of average degree d that
(1 4 €)-approximates G. As 2TLgz = n|z|”® for every x orthogonal to 1, it is
immediate that every vertex of H has weighed degree between n and (1 + €)n. Thus,
one should think of H as being an expander graph in which each edge weight has been
multiplied by n/d.

As H is weighted and can be irregular, it may at first seem strange to view
it as an expander. However, it may easily be shown to have the properties that
define expanders: it has high edge conductance, random walks mix rapidly on H
and converge to an almost uniform distribution, and it satisfies the expander mixing
property (see [2] or [10, Lemma 2.5]). High edge conductance and rapid mixing
would not be so interesting if the weighted degrees were not nearly uniform—for
example, the star graph has both of these properties, but the random walk on the



TWICE-RAMANUJAN SPARSIFIERS 1717

star graph converges to a very nonuniform distribution, and the star does not satisfy
the expander mixing property. For the convenience of the reader, we include below a
proof demonstrating that H has the expander mixing property below.

LEMMA 4.1. Let Ly = (V,E,w) be a graph that (1 + €)-approzimates Lg, the
complete graph on V. Then, for every pair of disjoint sets S and T,

[w(S.7) = (1+5) 1SI1T1| < n(e/2)VISTIT

where w(S,T) denotes the sum of the weights of edges between S and T'.
Proof. We have

€ € €
Cre=<1L —(1 —)L < L,
5 G2 LH +2 G,2 G
SO0 we can write
L= (1+5) Lo+ M,

where M is a matrix of norm at most (¢/2) | Lg|| < ne/2. Let x be the characteristic
vector of S, and let y be the characteristic vector of T. We have

—w(S,T) = 2T Lyy.

As G is the complete graph and S and T are disjoint, we also know
T Loy =—19||T).

Thus,

T Ly = (1 + %) 2T Loy + 27 My

~(1+ g) 1S] 17| + 27 My.

The lemma now follows by observing that

o" My < |M]|[|=] lyll < n(e/2)V/ISIITI. O

Using the proof of the lower bound on the spectral gap of Alon and Boppana
(see [14]) one can show that a d-regular unweighted graph cannot s-approximate a
complete graph for k asymptotically better than (2). We conjecture that this bound
also holds for weighted graphs of average degree d. Presently, we prove the following
weaker result for such graphs.

PROPOSITION 4.2. Let G be the complete graph on vertex set V, and let H =
(V,E,w) be a weighted graph with n vertices and a vertexr of degree d. If H k-

approrimates G, then
2 d
px14 2 oY1),
Vd n
Proof. We use a standard approach. Suppose that H is a k-approximation of the

complete graph. We will construct vectors #* and y* orthogonal to the 1 vector so
that

y* " Luy* |la*|
ﬂf*TLHZE* ||y* ||2




1718 J. BATSON, D. A. SPIELMAN, AND N. SRIVASTAVA

is large, and this will give us a lower bound on x.

Let vy be the vertex of degree d, and let its neighbors be wvy,...,v4. Suppose
that v; is connected to vy by an edge of weight w;, and the total weight of the edges
between v; and vertices other than vy, vy, ..., v4 is ;. We begin by considering vectors
x and y with

1 for u = vy,
z(u) =14 1/vd foru=v;i>1,
0 for u & {vo,...,v4},
1 for u = vy,
y(u) = —1/vd foru=w;, i>1,
0 for u & {wo,...,va}

These vectors are not orthogonal to 1, but we will take care of that later. It is easy
to compute the values taken by the quadratic form at x and y:

d d
o L =Y wi(1—1/Vd)® + > 6:(1/Vd - 0)?

=1
d d d
=) wi+ > (Gi+w)/d—2> wi/Vd
=1 =1 =1

and

d d
v Ly =Y wi(l+1/Vd)* +)6i(~1/vVd—0)
=1

i=1
d d d
= Zwi + Z(&z +w;)/d+ QZwi/\/a.
i=1 i=1 i=1
The ratio in question is thus

y" Ly Ciwi + D (8 +w) /[d+23 w; /Vd
xTLHx Zzwl+zz(5z+wz)/d—221’wz/\/a
1 22«; W
D ST SRR
B 1— L 23 wi '
Vd 2 witds; (8itwi)/d

Since H is a k-approximation, all weighted degrees must lie between n and nx, which
gives
2>, wi B 2 S 2
lel—FZl(&—le)/d n 1+w T 14k
i Wi

Therefore,
12
= T2 -
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Let * and y* be the projections of x and y, respectively, orthogonal to the 1 vector.
Then

2
a2 = Joll? — (@, 1/yy? = 2 — L VD

n

and

I = Iyl = (g 1/v/mp2 = 2 — L=V

n

so that as n — oo,

©) la*l2 _y <ﬁ> |

lly*(I> n

Combining (5) and (6), we conclude that, asymptotically,

1 2

o TLgx* |ly*||? — 1 — ﬁu—% n

But by our assumption the left-hand side is at most «, so we have

14 L 2
"Zl_i%(l‘()(g))’
Vd 1+

which on rearranging gives

as desired. 0

5. Conclusion. We conclude by drawing a connection between Theorem 3.1
and an outstanding open problem in mathematics, the Kadison—Singer conjecture.
This conjecture, which dates back to 1959, is equivalent to the well-known paving
conjecture [1, 5] as well as to a stronger form of the restricted invertibility theorem
of Bourgain and Tzafriri [4, 5]. The following formulation is due to Weaver [20].

CONJECTURE 5.1. There are universal constants € > 0,5 > 0, and r € N for
which the following statement holds. If vi,..., vy, € R™ satisfy ||v;|| < § for all i and

E viv;-f:[,

i<m
then there is a partition Xi,...X, of {1,...,m} for which
Z vivlT <1l-—c¢
i€X;

forevery j=1,...,7.
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Suppose that we had a version of Theorem 3.1 which, assuming ||v;|| < 0, guaran-
teed that the scalars s; were all either 0 or some constant 8 > 0 and gave a constant
approximation factor k < . Then we would have

IjﬁZviv;‘Fjﬁs-I
i€S

for S = {i: s; # 0}, yielding a proof of Conjecture 5.1 with » = 2 and € = min{l —
5 %} since

K
Zvivf <—-<1-—€¢ and
= p

Zvivf =1-—Amin Zvivf gl—l <1-—ce
icS €S ﬁ
As a special case, such a theorem would also imply the existence of unweighted

sparsifiers for the complete graph and other (sufficiently dense) edge-transitive graphs.
It is also worth noting that the ||v;|| < 0 condition when applied to vectors {Il.}ecr
arising from a graph simply means that the effective resistances of all edges are
bounded; thus, we would be able to conclude that any graph with sufficiently small
resistances can be split into two graphs that approximate it spectrally.

REFERENCES

[1] C. A. AKEMANN AND J. ANDERSON, Lyapunov theorems for operator algebras, Mem. Amer.
Math. Soc., 94 (1991), 458.

[2] N. ALoN AND F. CHUNG, Ezplicit construction of linear sized tolerant networks, Discrete Math.,
72 (1988), pp. 15-19.

[3] A. A. BENCZUR AND D. R. KARGER, Approzimating s-t minimum cuts in O(n?) time, in
Proceedings of the 28th Annual Symposium on the Theory of Computing (STOC ’96),
1996, pp. 47-55.

[4] J. BOURGAIN AND L. TZAFRIRI, On a problem of Kadison and Singer, J. Reine Angew. Math.,

420 (1991), pp. 1-43.
[5] P. G. Casazza AND J. C. TREMAIN, The Kadison-Singer problem in mathematics and engi-
neering, Proc. Natl. Acad. Sci. USA, 103 (2006), pp. 2032-2039.

(6] P. CHEW, There is a planar graph almost as good as the complete graph, in Proceedings of the
Second Annual Symposium on Computational Geometry (SoCG ’86), 1986, pp. 169-177.
H. DETTE AND W. J. STUDDEN, Some new asymptotic properties for the zeros of Jacobsi,

Laguerre, and Hermite polynomials, Constr. Approx., 11 (1995), pp. 227-238.

[8] G. H. GoLuB AND C. F. VAN LOAN, Matriz Computations, 3rd ed., Johns Hopkins University
Press, Baltimore, MD, 1996.

N. GoyvAL, L. RADEMACHER, AND S. VEMPALA, Ezpanders via random spanning trees, in Pro-
ceedings of the Twentieth Annual ACM-SIAM Symposium on Discrete Algorithms (SODA
’09), 2009, pp. 576-585.

[10] S. HOORY, N. LINIAL, AND A. WIGDERSON, Ezpander graphs and their applications, Bull. Amer.

Math. Soc., 43 (2006), pp. 439-561.

[11] R. KHANDEKAR, S. RAO, AND U. VAZIRANI, Graph partitioning using single commodity flows,
in Proceedings of the 38th Annual ACM Symposium on Theory of Computing (STOC ’06),
2006, pp. 385-390.

. LuBoTZKY, R. PHILLIPS, AND P. SARNAK, Ramanujan graphs, Combinatorica, 8 (1988), pp.
261-277.

[13] G. A. MARGULIS, Ezplicit group theoretical constructions of combinatorial schemes and their

application to the design of expanders and concentrators, Probl. Inf. Transm., 24 (1988),
pp. 39-46.
[14] A. NiLLI, On the second eigenvalue of a graph, Discrete Math., 91 (1991), pp. 207-210.

[12]

>



[19]

[20]

TWICE-RAMANUJAN SPARSIFIERS 1721

M. RUDELSON, Random vectors in the isotropic position, J. Funct. Anal., 163 (1999), pp. 60-72.

D. A. SPIELMAN AND N. SRIVASTAVA, Graph sparsification by effective resistances, in Proceed-
ings of the 40th Annual ACM Symposium on Theory of Computing (STOC ’08), 2008, pp.
563-568.

D. A. SPIELMAN AND S.-H. TENG, Nearly-linear time algorithms for graph partitioning, graph
sparsification, and solving linear systems, in Proceedings of the 36th Annual ACM Sym-
posium on Theory of Computing (STOC ’04), 2004, pp. 81-90.

D. A. SPIELMAN AND S.-H. TENG, Nearly-Linear Time Algorithms for Preconditioning and
Solving Symmetric, Diagonally Dominant Linear Systems, CoRR, abs/cs/0607105, 2008;
available online at http://www.arxiv.org/abs/cs.NA/0607105.

D. A. SPIELMAN AND S.-H. TENG, Spectral Sparsification of Graphs, CoRR, abs/0808.4134,
2008; available online at http://arxiv.org/abs/0808.4134.

N. WEAVER, The Kadison-Singer problem in discrepancy theory, Discrete Math., 278 (2004),
pp. 227-239.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


